. Recently, a new spinal mechanism of nociceptor sensitization, retrograde sensitization of the primary sensory neuron, was proposed (8). Induction and maintenance of inflammatory nociceptor sensitization (hypernociception) were shown to depend on spinal cord presynaptic NMDA receptors. In the present study, we have investigated the importance of sodium tetrodotoxin-resistant (TTX-R Na ϩ ) channels, which are characteristic of peripheral nociceptive small C fibers, for the development of hypernociception induced by intrathecal (i.t.) administration of NMDA.
S timulation of postsynaptic N-methyl-D-aspartate (NMDA)
receptors plays an important role in spinal transmission of nociceptive signals and contributes to inflammatory nociceptive sensitization (1) (2) (3) (4) (5) (6) (7) . Recently, a new spinal mechanism of nociceptor sensitization, retrograde sensitization of the primary sensory neuron, was proposed (8) . Induction and maintenance of inflammatory nociceptor sensitization (hypernociception) were shown to depend on spinal cord presynaptic NMDA receptors. In the present study, we have investigated the importance of sodium tetrodotoxin-resistant (TTX-R Na ϩ ) channels, which are characteristic of peripheral nociceptive small C fibers, for the development of hypernociception induced by intrathecal (i.t.) administration of NMDA.
Intrathecal administration of prostaglandin E 2 (PGE 2 ), glutamate, and NMDA causes a bilateral long-lasting mechanical paw hypernociception (up to 6 h; refs. 9 and 10). It was previously shown that i.t. induced bilateral hypernociception was ipsilaterally inhibited by local s.c. injection of morphine or dipyrone. The doses of morphine and dipyrone used had no antinociceptive effect on the contralateral paw hypernociception (8, 9) . In contrast with inhibitors of prostaglandin synthesis, which prevent the development of nociceptor sensitization, local administration of morphine or dipyrone directly antagonized ongoing hypernociception (10, 11) . Peripheral ipsilateral blockade of mechanical hypernociception induced by i.t.-administered mediators constitutes a simple and straightforward behavioral test to show retrograde sensitization of primary sensory neurons.
In the present investigation, mechanical hypernociception was measured with an electronic version of the von Frey hair test, in which the force that evokes a behavioral withdrawal is automatically recorded by an electronic pressure meter. Bilateral paw hypernociception was induced by i.t. administration of NMDA or PGE 2 . Pretreatment of the paws with dipyrone or morphine, at doses shown previously to cause antinociception only in the injected paws, was used to show the sensitization of the primary sensory neurons.
Several studies have reported that inflammatory stimuli or mediators can significantly increase TTX-R Na ϩ channel NaV1.8 (SNS͞PN3) mRNA expression and enlarge the amplitude of TTX-R Na ϩ channel currents in dorsal root ganglia (DRG; refs. [12] [13] [14] . TTX-R Na ϩ channels are characteristically associated with fine primary sensory fibers (15, 16) . By using antisense oligodeoxynucleotides (ODNs) to selectively ''knock down'' the expression of NaV1.8 (a specific and molecularly distinct TTX-R Na channel), it was shown that NaV1.8 present in primary afferent nociceptors contributes to peripheral sensitization induced by local PGE 2 (15, 17) . In the present study we reduced the expression of NaV1.8 mRNA by successive i.t. injections of specific antisense ODNs and compared the intensity of paw hypernociception induced by i.t. administration of NMDA with control animals (treated with mismatch ODNs followed by i.t. administration of NMDA).
Materials and Methods
Animals. The experiments were performed on 180-to 200-g male Wistar rats housed in an animal care facility of the University of São Paulo and taken to the testing area at least 1 h before testing. Food and water were available ad libitum. All behavioral testing was performed between 9 a.m. and 4 p.m. Rats were used only once. Animal care and handling procedures were in accordance with International Association for Study of Pain (IASP) guidelines on the use of animals in pain research. Each experiment used four to six rats per group. All efforts were made to minimize the number of animals used and any discomfort.
provided a clear view of the rat hindpaw. The investigator was trained to apply the tip in between the five distal footpads with a gradual increase in pressure. The stimulus was automatically discontinued and its intensity recorded when the paw was withdrawn. The maximum force applied was 80 g. The stimulus was repeated (up to six times, usually three) until the animal presented similar measurements (differences Ͻ10%). The end point was characterized by the removal of the paw in a clear flinch response after the paw withdrawal. The animals were tested before and after treatments. The results are expressed by the ⌬ withdraw threshold (in g) that was calculated by subtracting the average of the last three measurements after the treatments from the average of three measurements before treatments.
Drug Administration. The agents used in this study were PGE 2 (Sigma), indomethacin (Prodome, Campinas, São Paolo, Brazil), NMDA (Tocris, Washington, DC), dipyrone (Sigma), and morphine sulfate (Sigma). All drugs were dissolved in 0.15 M NaCl (saline). The stock solution of PGE 2 (1 g͞l) was prepared in 10% ethanol, and additional dilutions were made in saline; the final concentration of ethanol was 1%. The drugs were tested either by i.t. or intraplantar (i.pl.) injections. The i.t. administration was based on the technique in ref. 18 . Each animal was lightly anesthetized by inhalation of 2.5% isoflurane (IsoFlo, USP, Abbott) and the dorsal fur was shaved. With the rat spinal column arched, a 30-gauge needle was directly inserted into the subarachnoid space between lumbars (L)4 and L5. All agents were slowly injected in a volume of 10 l, using a 100-l Hamilton microsyringe. The i.t. location of the needle tip was affirmed by a characteristic flick of the tail. The injection procedure from the beginning of the anesthetic inhalation until withdrawal of the needle took Ϸ3 min. The animals regained consciousness Ϸ1 min after discontinuing the anesthesia. The i.pl. administration was performed with 50 l per paw with a 27-gauge hypodermic needle connected to a 100-ml Hamilton microsyringe. The needle was introduced s.c. near the third digit with its tip reaching the middle of the plantar hindpaw.
Antisense ODN. The 18-mer ODNs used in this experiment were purchased from GIBCO͞BRL. The antisense-ODN sequence, 5Ј-GGG GAG CTC CAT CTT CTC-3Ј, was directed against a unique sequence of the NaV1.8 as described (15) . The mismatch-ODN sequence, 5Ј-GGG GTC TTC CAA GCT CTC-3Ј, corresponded to the antisense sequence except that six bases were changed (denoted by bold face). ODNs were lyophilized and reconstituted in nuclease-free water 0.9% NaCl to a concentration of 2 g͞l. A search of the European Molecular Biology Laboratory and GenBank databases identified no sequences homologous to those used in this experiment. ODNs were administered i.t. (20 g͞10 l) once daily for 3 days.
RT-PCR.
At the end of experiments, rats were killed with an overdose of Na pentobarbital, and the L4-L6 DRG or spinal cord was removed. The tissues were homogenized in 1.0 ml of trizol reagent, and 0.2 ml of chloroform was added to the samples before shaking vigorously for 30 s. The suspension was centrifuged at 13,000 ϫ g at 4°C for 15 min. The aqueous phase was transferred to a fresh tube to which an equal volume of 2-propanol was added. After mixing, the samples were incubated for 15 min at Ϫ20°C. Samples were centrifuged at 13,000 ϫ g at 4°C for 15 min. The RNA precipitate was washed with 0.5 ml of ethanol, and the preparation was suspended in 50 l of diethyl pyrocarbonate-treated water containing 1 mM EDTA. Reverse transcription involved incubation of 10 l of total RNA with dNTP, 200 units of superscript reverse transcriptase, first-strand buffer, and diethyl pyrocarbonate-treated water for 1 h at 37°C. The reaction was terminated by heating at 90°C for 5 min and cooling at 4°C for 5 min.
PCR amplification used primers to NMDA (forward: gag, ggt, ttc, gct, gat, gtc, ttc, ta; reverse: ccc, gct, cct, gtg, tgc, caa, act), NaV1.8 (forward: cag, ctt, cgc, tca, gaa, gta, tct; reverse: ttc, tcg, ccg, ttc, cac, acg, gag, act), and m-actin (forward: atg, cca, tcc, tgc, gtc, tgg, acc, tgg, c; reverse: agc, att, tgc, ggt, gca, cga, tgg) and was performed in the presence of TaqDNA polymerase, PCR buffer, and 1.5 mM MgCl 2 , dNTP mix, and DNase-and RNasefree water. The PCR was conducted in a Perkin-Elmer Cetus GeneAmp system 9600, starting with a 3-min incubation at 95°C, followed by 25 cycles of denaturation at 94°C for 60 s, annealing at 65°C for 60 s, and extension at 72°C for 2 min. The final extension was 72°C for 7 min. The number of cycles was optimized in pilot experiments to produce a light but welldefined band of NaV1.8 in control samples. The PCR products were separated on a 6% polyacrylamide gel. The 100-bp DNA ladder was used as a molecular size marker. Gels were run at 120 V for 45 min, stained with silver nitrate, and then scanned with each labeled band analyzed by integrated optical densitometry.
Data Analysis. Data are presented as means Ϯ SEM and analyzed statistically by using one-way ANOVA. When ANOVA showed significant differences between groups, Tukey's post hoc test was used to determine the specific pairs of groups between which statistically significant differences occurred. P Ͻ 0.05 was the accepted level for statistical significance. The number of observations (n) in each experiment is shown in the figure legends. Fig. 1A shows the dose-dependent decrease in the paw withdrawal threshold induced by s.c. administration of PGE 2 (0, 50, 100, 200, and 400 ng per paw in 50 l) into the site of the application of the probe. A plateau of response was observed between 2 and 4 h after PGE 2 administration (the R 2 , sum of squares, and df of the exponential regression of the dose-response curve at 3 h after PGE 2 administration were 0.99, 102.8, and 2, respectively; Fig. 1 A) . Fig. 1B shows the lack of effect of i.pl. pretreatment with indomethacin (300 g per paw, 30 min before PGE 2 ) upon the PGE 2 -induced hypernociception. In contrast, dipyrone (80-320 g per paw) applied 2 h and 30 min after PGE 2 administration (100 ng per paw) inhibited (P Ͻ 0.001, ANOVA͞Tukey) the PGE 2 -induced hypernociception in a dose-dependent manner. The lack of effect of the highest dose of dipyrone administration into the contralateral paw ruled out a possible systemic action of dipyrone (Fig. 1B) .
Results

Local Administration of Dipyrone Inhibits Mechanical Hypernociception Induced by s.c. Administration of PGE2.
Intrathecal Administration of PGE2 or NMDA Induces Bilateral Hindpaw Mechanical Hypernociception. Intrathecal administration of PGE 2 (15, 50, and 150 ng) or NMDA (5, 20, 40 , and 80 ng) significantly decreased (P Ͻ 0.001; ANOVA͞Tukey) the nociceptive withdrawal threshold of both paws compared with administration of vehicle (saline, 10 l). The effect after i.t. administration was dose-dependent and with a plateau between 2 and 4 h after administration (the R 2 , sum of squares, and df of the exponential regression curve at 3 h after i.t. PGE 2 or NMDA administration were 0.98, 11.7, and 1 or 0.99, 46.9, and 3, respectively; Fig. 2 A and B, respectively) . There was no significant difference between the paw withdrawal threshold of right and left paws (ANOVA).
Subcutaneous Administration of Morphine or Dipyrone Suppresses
Ipsilateral Hypernociception Induced by i.t. Administration of NMDA or PGE2. Intrathecal administration of NMDA or PGE 2 significantly decreased the mechanical withdrawal threshold in both paws. Local (i.pl. s.c.) administration of dipyrone (80, 160, and 320 ng per paw; Fig. 3 Left) or morphine (3 and 9 g per paw; Fig. 3 Right) significantly decreased (P Ͻ 0.01, ANOVA͞Tukey) the spinally induced hypernociception in the ipsilateral paw, compared with saline administration into the contralateral paw (20 ml per paw). Dipyrone or morphine was administered 30 min before measurements were taken, i.e., 3 h after i.t. administration of NMDA (40 ng) or PGE 2 (50 ng). Neither the i.t. administration of saline (10 ml) nor the s.c. administration of dipyrone or morphine affected the mechanical withdrawal baseline ( Fig. 3 Left and Right, respectively).
mRNA Expression of NaV1.8 Na Channel and NMDA Receptor on DRG and Spinal Cord. The mRNA expression of rat NaV1.8 Na channel and NMDA receptor was assessed by RT-PCR. The expression of ␤-actin mRNA was used as a control for tissue integrity in all samples. L5 and L6 DRG tissue from rats treated with antisense ODN to NaV1.8 showed a decrease in expression of NaV1.8 Na channel mRNA when compared with the L5͞L6 DRGs from rats treated with the same amount of mismatch ODN (see Fig. 5A,  lanes 1-3) . No labels of NaV1.8 Na channel expression were identified from the spinal cord samples of rats treated with mismatch ODN (Fig. 4A, lane 4) . The densitometric analysis of the label images showed that the i.t. injections of antisense (20 mg once daily for 3 days), but not mismatch, significantly reduced the NaV1.8 mRNA expression in DRG when compared with control rats (Fig. 4C) . In contrast, the NMDA receptor was expressed in both spinal cord (Fig. 4B, lane 4) and DRG (Fig. 4B,  lanes 1-3) , although the expression of NMDA receptor in the spinal cord was more intense than in the DRG.
Knockdown of NaV1.8 Na Channel Prevents the Hypernociception
Induced by i.t. Administration of NMDA. Intrathecal administration of the antisense ODN to rat NaV1.8 Na ϩ channel slightly increased the mechanical withdrawal threshold (P Ͻ 0.05, ANOVA͞Tukey) and completely prevented the hypernociception induced by a subsequent i.t. administration of 40 g of NMDA (P Ͻ 0.001, ANOVA͞Tukey). In contrast, the hypernociception induced in both paws by the i.t. administration of NMDA remained intact after the i.t. administration of a mismatch ODN (the antisense sequence with 3 bp changed) or the unique sequence (sense) of rat NaV1.8Na ϩ channel (Fig. 5) .
Discussion
Like other methods of measuring mechanical hypernociception (15, 19, 20) , the electronic pressure meter used in the present investigation was able to detect and quantify PGE 2 nociceptor sensitization, as well as its blockade by i.pl. administration of dipyrone (21) . In contrast to the von Frey test, the electronic pressure meter uses a single stimulation of increasing pressure instead of sequential applications of filaments of various stiffness. In the present study the term hypernociception instead of hyperalgesia or allodynia was used, because variants of a mechanical technique (von Frey or the electronic pressure meter) were not able to distinguish them. Although the differentiation between allodynia and hyperalgesia in human subjects may have clinical value, the molecular basis of any differences between allodynia and hyperalgesia remains obscure.
Sensitization of the nociceptors plays a major role in the development of acute and chronic overt inflammatory pain although plastic changes of spinal dorsal horn neurons are thought to modulate its intensity or persistence (6, 22, 23) . The eicosanoids were the first family of molecules recognized as a distinct class of inflammatory mediators that contributes to overt inflammatory pain, by sensitizing the nociceptors in human subjects (24) and experimental animals (25) . This finding contrasted with the former notion that nociceptor sensitization resulted from a subthreshold stimulation of nociceptors by a mixture of different mediators present in inflammatory exudates (26, 27) . Our proposal that the mechanism of the analgesic action of aspirin-like drugs resulted from the prevention of this peripheral sensitization by inhibition of prostaglandin synthesis is broadly accepted today (28) . During inflammatory reactions, central release of eicosanoids may also contribute to the amplification of nociceptive intensity or behavior (7, 20) . It seems, however, that even the PGE 2 release in the spinal cord involves the primary sensory neuron because its i.t. injection was blocked by i.pl. injection of morphine or dipyrone (10) . In the present study, we confirmed that i.t. injection of NMDA, as well as PGE 2 , produces a characteristic bilateral rat hindpaw hypernociception (9, 10) . It was also shown that peripheral morphine or dipyrone administration blocked ipsilateral without affecting the contralateral ongoing paw hypernociception. This result is a clear demonstration that NMDA was acting retrogradely at the presynaptic, primary sensory nerve-central terminals. The time course of hypernociception induced by i.t. PGE 2 -induced hypernociception paralleled the development of i.pl. injected PGE 2 , suggesting activation of a common metabolic pathway in the primary sensory neurons. Presynaptic NMDA receptors have already been described (29) (30) (31) , and the mRNA of NMDA receptors is expressed in the DRG and spinal cord (12, 13) after inflammatory stimulation, as shown previously. In the present study, the i.t. antisense ODN (but not mismatch or sense ODN) treatment decreased Na channel NaV1.8 expression in the DRG and prevented the hypernociception induced by the i.t. administration of NMDA. Although the capacity of antisense ODN to reduce mRNA expression has been described (32), the mecha- nism by which antisense ODN specifically reduces the mRNA levels in the cell remains unclear. NMDA receptors are present in many excitable tissues but NaV1.8 Na channels have been detected only in DRG and spinal cord. These Na channels are essential for the development of peripheral PGE 2 -induced inflammatory hyperalgesia (12, 15) and are preferentially expressed in small diameter fibers of the DRG. Because this type of channel is characteristic of primary sensory neuron C fibers, this observation strongly supports a retrograde effect of i.t.-injected NMDA. Glutamate is thought to be the major spinal neurotransmitter that conveys nociceptive information from the periphery to the CNS. The presynaptic action of NMDA described here adds more weight to the participation of spinal glutamate as a modulatory agent in inflammatory mechanical hypernociception. It is interesting to note that, in contrast to NMDA administration, the mechanical hypernociception induced by i.t. administration of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) propionate was not inhibited by peripheral administration of morphine (9), stressing the participation of this receptor type in the sensitization of spinal secondary neurons.
Despite the distance and functional differentiation between peripheral and spinal terminals, the primary sensory neuron behaves as a highly integrated unit. Activation of NMDA presynaptic receptors lowered peripheral nociceptor threshold, an effect that was inhibited by administration of an analgesic into the paw. Thus, this integrated modulatory mechanism seems to be triggered by a single event occurring in a discrete area of the primary sensory neuron. Calcium oscillation is an integrating cellular mechanism described for several cell types, particularly for neurons (33) (34) (35) , and may be involved in the induction and maintenance of hypernociception. This speculation is supported by a number of observations: (i) Activation of the cAMP͞Ca 2ϩ pathway was proposed as the molecular basis of mechanical hypernociception (11) .
(ii) Prostaglandin activation of G protein-coupled receptors alters the activity of Ca (iv) Caffeine, which has been reported to promote Ca 2ϩ release from endoplasmic reticulum (38) , potentiates the mechanical hypernociception induced by i.pl. PGE 2 , calcium ionophore, or 8Br-cAMP (11) . Cytosolic Ca 2ϩ oscillation seems to be an efficient manner of intracellular ''long-distance'' signaling, which results from the rhythmic activation of a ''calcium-induced calcium release'' process (33) . When this process becomes regenerative, an explosive intracellular increase in calcium concentration generates a calcium wave that spreads throughout the cell (33) . At the sensory nerve terminal, neuronal Ca 2ϩ oscillations may be responsible for presynaptic glutamate release. Also, glutamate, by acting retrogradely on NMDA receptors (9), promotes calcium influx and may initiate Ca 2ϩ oscillations (39) . The Ca 2ϩ influx by presynaptic NMDA receptor and the subsequent cytosolic Ca 2ϩ oscillation may be essential to initiating or maintaining hypernociception induced by inflammatory mediators. The cAMP transduction cascade may also mediate the PGE 2 -induced inhibition of K ϩ currents in rat sensory neurons (40) . However, despite the mechanism underlying the alterations of cytosolic K ϩ concentration, it has been shown that the antinociceptive effects of dipyrone, morphine, nitroglycerin, and Db-cGMP are antagonized by tolbutamide and glibenclamide, ATP-dependent K ϩ channel inhibitors (41, 42) . It is a plausible hypothesis that the lowering of K ϩ in a discrete neuronal area may interrupt Ca 2ϩ oscillation (43) . This event would explain, as shown here, why the administration of dipyrone or morphine given in the periphery inhibits the hypernociception induced by i.t.-injected NMDA or PGE 2 .
Concomitant with the ionic mechanisms, which control the nociceptor threshold (neuronal depolarization), the induction of The relative optical density of NaV1.8 labeling by using normal control DRG NaV1.8 labeling as 100%. The relative intensity of NaV1.8 from antisense-treated DRGs is significantly different (P Ͻ 0.05, unpaired t test) when compared with mismatch-treated DRGs. The expression of ␤-actin was used as control marker for both DRG and spinal cord tissues. a change in nociceptive behavior depends on the expression of functional TTX-R Na ϩ channels. Although specific receptors trigger G protein͞PKA or PKC metabolic pathways, it is not yet established whether it is biochemical activation or a lowering of the nociceptor threshold that is required for the TTX-R Na ϩ channels to become functional. A neuronal depolarization would be sufficient if these channels are already expressed in the nociceptor. Phosphorylation of TTX-R Na ϩ channels has been suggested as one of the mechanisms underlying inflammatory hyperalgesia (44) .
We are aware that the retrograde sensitization of the primary sensory neuron may help explain secondary hyperalgesia and referred pain symptoms that are generally assumed to result from central sensitizing mechanisms (45, 46) . However, the diffusion of glutamate in the dorsal horn would cause retrograde sensitization of contiguous presynaptic terminations of primary peripheral sensory neurons as well as of convergent visceral and cutaneous neurons.
In summary, we report that the hypernociception induced by i.t. administration of NMDA or PGE 2 depends on the expression of NaV1.8 Na channels in the primary sensory neuron and that this hypernociception is inhibited by peripheral treatment with morphine or dipyrone. Taken together, these findings indicate that glutamate and PGE 2 , injected intrathecally, activate presynaptic receptors to sensitize the primary sensory neuron. These results agree with the suggestion that glutamate, released spinally by primary sensory neurons, acts retrogradely on presynaptic NMDA receptors, facilitating the induction or maintenance of peripheral hypernociception.
